INACTIVATION OF TI~fPSIN. I
action can be derived from the gas laws and the two laws of thermodynamics, there seems to be every reason to suppose that colloidal solutions should obey the law of mass action. The question appears to be one of experimental fact. If it is found that enzyme reactions may be accounted for on the basis of the law of mass action there seems to be no theoretical reason to disregard this fact and attempt an explanation from the point of view of adsorption. Most of the experimental evidence at hand, however, consists of data on the kinetics of the reactions. It is a matter of experience that conclusions based on kinetics alone are exceedingly uncertain especially when, as is the case with enzymes, the equations used contain at least two constants. It seems better therefore to attack the question from another angle. It is known that various substances retard the action of enzymes and that there must therefore be some kind of a reaction between these substances and the enzyme (or the substrate). If it could be shown that this reaction conformed accurately to the law of mass action it would furnish experimental justification for the application of this law to the enzyme reaction in general, at least as far as the particular enzyme is concerned. It has been shown by the author that the equilibrium between pepsin and the products formed by its action on proteins does conform quite accurately to the law of mass action. 5 Euler and Svanberg 8 have shown that the inactivation of invertase by various crystalloid substances is due to an equilibrium which is accurately expressed by the same law. The experiments described in this paper were undertaken with the view of determining whether or not the same condition is found in the case of trypsin. As will be seen from these experiments, the reaction between trypsin and the substances which inhibit its action may be accurately accounted for by the law of mass action. It is known that various substances inhibit the action of trypsin. Bayliss 7 found that some, at least, of the products formed by the action of the enzyme on proteins inhibited its action and also rendered it more stable. He concluded, therefore, that they combined in some 5 Northrop, J. H., J. Gen. Physiol, 1919-20, ii, 471. yon Euler, H., and Svanberg, 0., Fermentforschung, 1919-20, iii, 330; 1921, iv, 142. Bayliss, W. M., Arch. Biol., 1904, xi, Suppl. 261. way Mth the enzyme. Bayliss considered that the amino-acids were probably responsible for this inhibiting effect. It would seem, therefore, that these substances are favorable for the purpose of the present experiments since they are also involved in the kinetics of the reaction, and are chemically well defined substances. It was found, however, that the amino-acids themselves have very little if any effect, if the effect on the pH was controlled, whereas the solution resulting from the hydrolysis of the protein by trypsin was strongly inhibitory. Such solutions were, therefore, used although it was not found possible to determine exactly what chemical compound was responsible for their reaction.
Methods Used in the Present Investigation.
Inasmuch as the quantity of an enzyme can only be determined by measuring the rate at which it reacts it is necessary to have some convenient and accurate method for following the course of the hydrolysis. In the present experiments it is also necessary to arrange conditions in such a way as to prevent any change in pH during the course of the hydrolysis. Henri and des Bancels 8 found that the hydrolysis of proteins by trypsin could be accurately followed by noting the change in the conductivity of the solution. The same method was used by Bayliss who also showed that the change in conductivity was not caused by changes in the viscosity of the solution and was parallel to the amount of nonprecipitable nitrogen formed. A number of experiments were made to determine the best conditions to use for the purpose of the present experiments. It was found that at a pH of 6.2 to 6.4 no change occurred in the pH during the hydrolysis of gelatin (due probably to the fact that this is near the isoelectric point of the products formed), so that it was not necessary to use buffer solutions if the determinations were made in this range. This is a great advantage since buffers interfere with the determination of the conductivity. Gelatin was found to be the best protein since it gives clear solutions and is easily prepared in the necessary salt-free condition. Since trypsin is very unstable in solution the experiments were made at 33°C. The change in the conductivity of the solutions was followed by the change in the readings of the Kohlransch bridge. These readings are proportional to the percentage change in the conductivity, so that the lower the original conductivity of the solution the greater will be the change in the bridge readings for a given absolute increase in the conductivity of the solution. On the other hand, the lower the original conductivity the more sensitive the solution is to the addition of traces of salts, to temperature change, etc. It was found better, therefore, to increase the conductivity of the gelatin by the addition of KC1 until the solution had a specific conductivity at 33°C. of 2 X 10 -~ reciprocal ohms.
Experimental Procedure.
Preparation of the Gelatin.--Salt-free gelatin was prepared as described by Loeb, 9 i.e., the gelatin was brought to the isoelectric point and then washed (except that 100 gin. were prepared at a time). The gelatin was melted, diluted to about 5 per cent and tltrated to a pH of 6.3 with NaOH. It was then diluted so as to contain 2.5 gm. dry weight per 100 cc. and sufficient KC1 added so that the resulting solution had a specific conductivity at 33°C. of 2 × 10 -s reciprocal ohms. A few crystals of thymol were added and the solution was kept in the ice box.
Preparation of the Trypsin.--The trypsin used in all the experiments was a sample of FaJrchild's trypsin. It was prepared for use by suspending 5 gin. in 50 cc. of water and dialyzing under pressure at 6°C. for 18 hours. The solution was then filtered from the rather heavy precipitate and sufficient KC1 added to bring the specific conductivity to 2 X 10 -3. This solution is very unstable and loses its activity quite rapidly even at 3°C. It was prepared fresh each day.
Determination of the Conductivity.--The apparatus used was a Leeds and Northrup Kohlransch bridge and resistance box. The change in the bridge readings were used direct to avoid calculation. These readings are related to the actual conductivity by the formula A
X=--.R
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in which X = resistance of solution, A = bridge reading, and R = resistance of standard resistance box. It will be seen that if the readings are always begun at the middle of the bridge (500), the first ten or fifteen points will each represent very nearly equal changes in the conductivity and may be considered as proportional to the percentage change in the conductivity. Since the conductivity increases the bridge readings will decrease. If all the solutions have the same conductivity at the beginning of the experiment and the resistance is so chosen that the bridge reading at the beginning is 500 in each case, then a change in the bridge reading of from 500 to 490 will represent the same change in the conductivity of each of the different solutions.
Type of Conductivity Ce//.--The cell used is shown in Fig. 1 . Fifteen such cells were made and adjusted (by warming the cement and moving the electrode) so that they all had the same constant, 3.5. The electrodes were plated with platinum black. Readings could be made with ease to half a scale division on the bridge. As little current as possible was run through the ceil, although no effect due to the passage of current could be noted.
pH Determinations.--The determinations were made by the E. ~. F. method. Formol Titration.--The titration was carried out as described in a previous paper a* by adjusting the solution to pH 7.0 with neutral red as an indicator 9 Loeb, J., J. Gen. Physiol., 1918 -19, i, 237. 10 Northrop, J. H., J. Gen. Physiol., 1919 . Technique of the Determination.--The gelatin solution is melted, 25 cc. pipetted into a series of the conductivity cells and the cells suspended in the water bath at 33 ° ~ 0.01°C. The conductivity is determined at intervals until it becomes constant (usually about 20 minutes). 1 cc. of the trypsin solution (previously warmed to 33 ° and having the same conductivity) is then added. The solution is then thoroughly mixed by sucking back and forth three times in a warm dry 15 cc. pipette. It is necessary to avoid air bubbles and to be sure that the solution is well mixed. Irregular results can nearly always be traced to incomplete mixing. The conductivity of the solution is then read at intervals so that readings are obtained at every 1.5 or 2 divisions on the bridge, until the reading is 485 or less (corresponding to a decrease of 15 points). The elapsed time is calculated from the time at which the trypsin is added. Since in order to obtain the elapsed time it is necessary to make a great many subtractions it is a great convenience to use a clock which is divided into hundredths of an hour instead of minutes. If the trypsin solution has been carefully adjusted to the same temperature and conductivity as the gelatin and the mixing carried out without change of temperature or the formation of air bubbles, it will be found that the readings form a perfectly smooth curve. It frequently happens, however, that the first reading (before the trypsin is added) does not fall on the same curve as the subsequent readings. In this case the curve is extrapolated back from the first reading after the trypsin is added in order to find the zero reading. Since, as was stated above, the curve is perfectly smooth when the experiment is done with sufficient care this procedure seems justified. The results should always fall on a smooth curve after the first 0.05 hour (corresponding to a change of from 0.1 to 1.0 on the bridge).
The results are then plotted on a large scale and the time necessary for the reading to change 10 points determined by interpolation. This corresponds to an actual change in the conductivity of 0.0782 × 10 -8 reciprocal ohms and is less than 10 per cent of the total change which can be effected by the trypsin under these conditions. Owing to the large number of experiments, the individual time curves from which the time necessary to cause the 10 points change is determined will not be given, but only the time interval interpolated from these curves. The points lie so close together on the curve that there is little or no possibility of arbitrary adjustment of the curve. The elapsed time is, therefore, a direct experimental determination. In the few cases where it was possible to draw more than one curve through the experimental points, the extreme values for the interpolated time have been given.
Comparison of the Course of the Reaction as Followed by the Formol Titration of the Solution and by the Change in Conductivity.
The most significant determination as regards the hydrolysis of proteins is the increase in amino or carboxyl groups. It was found that under the conditions adhered to in these experiments the increase in carboxyl groups is directly proportional to the increase in the conductivity. This is shown in Fig. 2 . The values obtained by the conductivity method therefore represent the actual course of the hydrolysis. This is not true under all conditions. It was found that at otherranges of acidity the two determinations are not parallel. The change in conductivity is also dependent on the alkali used to bring the gelatin to the required pH. It is greatest in ammoniacal solution and may even decrease instead of increase in concentrated phosphate solutions.
Since the rate of hydrolysis is to be used to determine the amount of trypsin present it is necessary to have some method of expressing the velocity of the hydrolysis. This value should be independent of the stage of the hydrolysis at which the determination is made since otherwise it would evidently be possible to obtain a series of values depending on what stage of the hydrolysis was chosen. The most satisfactory figure for such purposes is of course the constant obtained by substituting the observed values in some equation such as the monomolecular reaction equation. The hydrolysis as carried out in these experiments, however, does not follow accurately any of the simple reaction formulm so that this method cannot be used. It was found that the reciprocal of the time required to cause a definite change was very nearly directly proportional to the concentration of trypsin; i.e., QT = K. Where Q is the concentration of trypsin, T the time required to cause a given small change, and K is a constant. As Arrheuius 1 has pointed out, this is a general property of enzymes even though they do not follow the formula for a monomolecular reaction. This rule has been found to hold for trypsin by Taylor, 3 Henri, 8 Vernon, n Hedin) 2 and Bayliss7 whereas Grfitzner 18 states that the rule does not hold, but that the reciprocal of the time 11 Vernon, H. M., J. Physiol., 1904 , xx.x, 330. 1~ Hedin, S. G., J. Physiol., 1905 . 13 yon Griitzner, P., Arch. ges. Physiol., 1911, cxli, 63. ~" ~ Fro. S. Influence of the concentration of trypsin on the rate of digestion. 25 ce. gelatin plus 1, t, ~, ~ cc. of trypsin solution. The change in the conductivity determined at intervals as shown in the figure, pH 6.4, temperature 33 °. In order to give all the results in one figure the time units for each curve have been made proportional to the amount of trypsin added; i.e., in the solution containing a relative trypsin concentration of 64 (1 co.) the observed time has been multiplied by 64. To avoid confusion the ordinates (bridge readings) have been increased by 1 (Curve C), 2 (Curve B), and 3 (Curve .4).
gelatin solutions the velocity (reciprocal of the time) is nearly directly proportional to the amount of enzyme taken within the limits that can be experimentally worked with. This fact is shown in Fig. 3 . velocity as measured by the reciprocal of the time increases more rapidly than the trypsin concentration. This is due, as will be shown later, to two causes. First, the products formed by the action of the trypsin inhibit its action, and since at any given stage of the hydrolysis the concentration of the products in the different solutions will be the same but the concentration of trypsin different, the percentage inhibition of the solution containing a small amount of trypsin will be greater than in that containing a larger amount of trypsin. Second the trypsin is constantly becoming irreversibly inactivated. The amount of this inactivation is proportional to the time and is therefore proportionately greater in the dilute solutions since these require a longer time to cause the change used as the end-point. This effect is much more noticeable at a higher temperature, as would be expected. ference is not much greater than the experimental error. The experiment was repeated several times and it was found that in general the reciprocal of the time required to cause a change of 10 points in the bridge reading was directly proportional, within the experimental error, to the amount of trypsin taken. This value has therefore been used to express the amount of active trypsin present in the solution.
The unit of trypsin used in these experiments may be defined as that quantity which when added to 25 cc. of gelatin solution having a pH of 6.3 (adjusted + NaOH) and a specific conductivity of 2 X 10 -s (adjusted ~-KCI) will cause a change in the bridge reading of 10 points (500 -490) in 1 hour at 33°C. (equivalent to an increase in the conductivity of 0.0782 × 10 -~ reciprocal ohms).
Properties of the Trypsin Used.
It has been stated by Vernon u and others that "trypsin" may be separated more or less into a number of enzymes some ofwhichattack gelatin more rapidly than other proteins and some of which act best on peptones. If this is the case the experiments are evidently complicated by another factor in addition to the many already present. Many experiments were made but no evidence could be found to show the presence of such enzymes in the sample of trypsin used in these experiments. The trypsin was treated in a number of different ways and the relative velocity with which it hydrolyzed gelatin or peptone compared before and after the treatment. (The peptone was prepared by the action of pepsin on gelatin sulfate solution. The acid was then removed with barium and the solution made alkaline with NaOH.) A summary of these experiments is given in Table II . It will be seen that there is no evidence for the existence of any special "peptonase" or "gelatinase" in the sample of trypsin used in these experiments.
Effect of Dialysis on the Trypsin.
It has already been stated that the trypsin was purified by dialysis. The effect of this is shown in Table III . It will be seen that the activity of the trypsin is more than doubled by the process and that the solution obtained in this way contained only about 0.02 gin. per co. of total solids. 
Influence of Treatment of Trypsin on Ratio of Peptonase and Protease.
Gelatin, 2 per cent, pH 6.2, specific conductivity 0.0022. Gelatin peptone, gelatin hydrolyzed by trypsin, 2 per cent, pH 6.2, specific conductivity 0.0030. Preparation of the Inhibiting Solution.
Bayliss 7 found that glycine and other amino-acids as well as the digested protein solution inhibited the action of trypsin. Several amino-acids were tried but with negative results except in concentration very much higher than could possibly be present from the protein. In such high concentration the determination becomes uncertain, owing to the high conductivity of the solution. Bayliss' experiments were made at a time when the determination of the hydrogen ion concentration was a difficult matter and it seems possible that the results he obtained were due to changes in the pH caused by the addition of the amino-acids rather than to an effect on the enzyme. A solution of casein or gelatin which has been hydrolyzed by trypsin does show marked inhibitory effects, however. Owing to the manner in which these experiments were made it was necessary to have the solution nearly salt-free and in a concentrated form so that the volume change on adding it to the gelatin would be small. It is also necessary to be sure that there are no products left in solution that can be further acted on by trypsin. It was found that a solution having strong inhibitory powers could be made from either gelatin or casein by the following method.
Preparation from Gelatin.--3 liters of 1.5 per cent gelatin were titrated to a pH of 9.0 with Ba(OH) ~ and 10 ec. dialyzed trypsin and a few crystals of thymol added. The solution was kept at 23 ° until no further increase in the formol titration could be noted. The titration increases about 700 per cent. The solution was then titrated to a pH of 6.3 with sulfuric acid and the barium sulfate filtered off. The solution was then evaporated in vacuum to 60 cc. 1 cc. of this solution contained the equivalent of 0.7 gm. of gelatin and had a formol titration of 16 cc. of 0.1 N NaOH.
Preparation from Casein.--200 gra. of commercial casein were dissolved in 3 liters of water and precipitated by the addition of sulfuric acid. The precipitate was washed in water, suspended in 1 liter of water and heated to boiling. Ba(OH), was then added until the supernatant liquid had a pH of 9.0. The solution was cooled and 5 cc. dialyzed trypsin added and the solution kept at 23 ° for 10 days. It was then filtered, the filtrate titrated to pH 6.3 with sulfuric acid, evaporated in vacuum to 100 cc., and precipitated by the addition of 800 cc. of 95 per cent alcohol. A gummy precipitate forms which consists of higher products which are still acted upon by trypsin. The filtrate is evaporated in vacuo to a thick syrup to remove the alcohol and taken up in 50 cc. water. The solution so obtained is a clear yellowish syrup. It is not further acted upon by trypsin and contains no active trypsin. The formol titration per cubic centimeter is equivalent to 15 cc. of 0.1 ~ NaOH. This solution was then accurately adjusted to pH 6.3 with HC1 and to a specific conductivity of 2 × 10 -8 reciprocal ohms by the addition of a small amount of KC1. The experiments described in this paper were all made with the solution prepared in this way from casein. It is referred to as inhibiting solution or inhibitor.
Properties of the Inhibiting Solution.
I t had already been stated t h a t no effect could be noted if aminoacids were added to the trypsin, unless very m u c h higher concentrations were used than could be furnished b y digestion of the protein.
Glycine, alanine, tryptophane, leucine, tyrosine, arginlne, proline, and histidine were tested alone and in combination. I t was also found t h a t gelatin or casein which had been completely hydrolyzed b y either acid or alkali was without effect. T h e results of some of these experiments are shown in Table IV . T h e experiment shows t h a t the inhibiting substance is not formed in the acid or alkali hydrolysis of gelatin or casein, and that it is dialyzable. T h e evidence is not sufficient to prove t h a t the inhibiting substance is a specific result of trypsin hydrolysis since the acid and alkali hydrolyses were only tested when the reaction had continued far beyond the stage reached b y trypsin hydrolysis. I t m a y be mentioned, however, t h a t it has been found b y an entirely different m e t h o d t h a t the hydrolysis of gelatin b y acids or alkalies or trypsin in the early stages follows a different course and m u s t give rise to different products in each case. 14 The action of pepsin gives rise to substances which inhibit pepsin but which are themselves attacked by trypsin. Method of Determining the A mount of Retardation.
It has already been shown that the rate of hydrolysis of gelatin alone as determined by the change in conductivity is identical with that found by the formol titration. Fig. 4 shows that this is also the case when the hydrolysis has been retarded by the addition of inhibitor x4 Northrop, J. H., J. Gen. Physiol., 1921-22, iv, 57. solution. The figure and Table V show that the retardation is nearly independent of the stage of hydrolysis compared for the first part of the reaction but then becomes relatively less. The retardation may therefore be calculated from the velocity of the reaction provided the early part of the reaction curves are compared. (It has been found by Simons 15 in Nelson's laboratory that this is not the case with invertase.) The result found with trypsin, namely, that the retarding effect of the inhibiting solution becomes less as the reaction proceeds, is exactly what would be expected if it is supposed that the inhibitor combines with the enzyme to form an inactive corn- pound and that more of the inhibiting substance is formed during the hydrolysis (or some of the trypsin destroyed). The retardhag effect of the inhibiting substance formed during the reaction will evidently be much less in the solution that already contained the inhibitor than in the solution which contained only free trypsin. The inhibitor acts just as a" buffer" solution for regulating the hydrogen ion concentration, except that in this case it is the enzyme that is "buffered." In fact the same experiment may be performed by following the hydrolysis of gelatin with a weak as compared with a 16 Sknons, L. S., Dissertation, Columbia University, 1921.
strong acid at about the same pH. ~6 This mechanism will evidently lead to the result that the solution containing inhibitor will be relatively more active compared to the control solution as the hydrolysis proceeds, which is the experimental fact. The same fact has been noted in immunology in comparing the action of free toxin and of a mixture of partially neutralized toxin. Bordet 17 considers that it is the degree of activity of the total amount of toxin that is affected by the antitoxin and not the concentration of free toxin. His experiment is similar to the trypsin experiment just discussed, inasmuch as he found that a small amount of free toxin reacts at first more rapidly than a mixture of toxin-autitoxin, but that as the reaction proceeds, the mixture becomes relatively much more efficient. Bordet's explanation will not explain the results with trypsin quantitatively while the assumption of the formation of an inactive compound between the trypsin and inhibitor allows all the peculiarities of the reaction to be calculated. It does not follow, of course, that the toxin-antitoxin reaction is the same as the trypsin-inhibitor reaction, but it seems that the same explanation will apply qualitatively to both.
is If the pH of the solution containing the strong acid is slightly lower than that of the weak acid, the rate of hydrolysis will at first be greater in the solution containing the strong acid. The rate of hydrolysis in this solution will decrease rapidly, however, since the concentration of hydrogen ions will be diminished by the products of hydrolysis--just as is the concentration of free trypsin in the present experiment. The rate of hydrolysis in the weak acid solution, however, will remain nearly constant since the hydrogen ions which combine with the products formed will be replaced by the dissociation of more of the weak acid. The rate of hydrolysis in the weak acid solution will therefore constantly increase as compared to the rate of hydrolysis in the strong acid solution. An example of such an experiment is given in a preceding paper (Northrop, J. H., J. Gen. Physiol., 1920-21, iii, 725, Fig. 3, Curves III and IV) .
t~ Border, J., Immunit6, Paris, 1920, p. 530. 
